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Brief Communications
Lifelong BilingualismMaintains White Matter Integrity in
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Previous research has shown that bilingual speakers have higher levels of cognitive control than comparablemonolinguals, especially at
older ages. The present study investigates a possible neural correlate of this behavioral effect. Given that white matter (WM) integrity
decreases with age in adulthood, we tested the hypothesis that bilingualism is associatedwithmaintenance ofWM in older people. Using
diffusion tensor imaging, we found higher WM integrity in older people who were lifelong bilinguals than in monolinguals. This main-
tained integrity wasmeasured by fractional anisotropy (FA) andwas found in the corpus callosum extending to the superior and inferior
longitudinal fasciculi.We also hypothesized that strongerWMconnectionswould be associatedwithmorewidely distributed patterns of
functional connectivity in bilinguals.We tested this by assessing the resting-state functional connectivity of frontal lobe regions adjacent
toWM areas with group differences in FA. Bilinguals showed stronger anterior to posterior functional connectivity compared to mono-
linguals. These results are the first evidence that maintained WM integrity is related to lifelong naturally occurring experience; the
resulting enhanced structural and functional connectivity may provide a neural basis for “brain reserve.”
Introduction
The cognitive decline associated with older age can be influenced
by language experience. Older bilinguals typically show better
executive function (EF) performance than their monolingual
peers (Bialystok et al., 2008; see Bialystok and Craik, 2010 for a
review). The bilingual participants in these studies had used both
languages actively on a daily basis since childhood, so had accu-
mulated a considerable amount of experience in manipulating
both languages. Despite accumulating behavioral evidence, the
neural mechanism behind this cognitive advantage is unknown.
One hypothesis is that bilinguals recruit more distributed brain
networks to manage two language systems and prolonged prac-
tice engages these neural systems to process information more
efficiently, even when the task does not involve language. Neuro-
imaging studies with young bilinguals have indeed shown that
cognitive performance on nonverbal executive function tasks is
associated with utilization of more distributed brain networks
than those used by monolinguals (Garbin et al., 2010; Luk et al.,
2010; Moreno et al., 2010). The engagement of more distributed
brain networks may reflect stronger white matter (WM) connec-
tivity between brain regions, facilitating information transfer and
resulting in better executive performance. In older bilinguals, the
decrease in white matter integrity (Madden et al., 2009) and re-
ductions of graymatter volume (Fjell andWalhovd, 2010) known
to accompany aging may be mitigated by their language experi-
ence. That is, better-maintained WM in older bilinguals might
serve as a structural mechanism for behavioral differences found
in previous research.
Diffusion tensor imaging (DTI) provides indirect measures of
WM integrity that indicate the degree of anisotropic water diffu-
sion constrained by axons (fractional anisotropy, or FA), such
that higher FA indicates better integrity. Given the more distrib-
uted and bilateral functional networks recruited by bilinguals, we
expected that bilingualism in older adults would be associated
with higher FA inWMtracts that connect disparate brain regions,
in particular, the corpus callosum (CC). FA can also be decom-
posed to obtain an estimate of diffusivity parallel to WM tracts
(axial diffusivity, AD) or perpendicular to WM tracts (radial dif-
fusivity, RD, Beaulieu, 2009). Given that lower RD is associated
with lower water diffusion perpendicular to WM tracts and is
more sensitive than AD to age-related cognitive differences
(Madden et al., 2009), we expected that the bilinguals would
have lower RD than monolinguals in regions showing a differ-
ence in FA.
Better WM integrity might also be associated with stronger
functional connectivity between brain regions. To assess possible
functional correlates of better maintained WM in bilinguals, we
conducted a resting-state functional connectivity analysis to
measure intrinsic functional connectivity of gray matter regions
near WM structures showing a group difference. The goal was to
identify differences in functional connectivity that might reflect
Received Sept. 7, 2011; revised,; accepted Sept. 30, 2011.
Author contributions: G.L. and C.L.G. designed research; G.L. performed research; G.L. and C.L.G. analyzed data;
G.L., E.B., F.I.C., and C.L.G. wrote the paper.
This work was supported by the Canadian Institutes of Health Research (MOP14036 to C.L.G.), the Canada
Research Chairs program, the Ontario Research Fund, the Canadian Foundation for Innovation, and the Heart and
Stroke Foundation Centre for StrokeRecovery.We thankAnnetteWeeks-Holder and staff of theBaycrest fMRI centre
for technical assistance.
The authors declare no competing financial interests.
Correspondence should be addressed to Gigi Luk, Harvard Graduate School of Education, 14 AppianWay, Larsen
506, Cambridge, MA 02138. E-mail: gigi_luk@gse.harvard.edu.
DOI:10.1523/JNEUROSCI.4563-11.2011
Copyright © 2011 the authors 0270-6474/11/3116808-06$15.00/0
16808 • The Journal of Neuroscience, November 16, 2011 • 31(46):16808–16813
fundamental differences in function independent of any task-
specific effects of bilingualism. Consistent with previous research
showing more distributed brain activity in bilinguals, we ex-
pected to find more distributed resting-state functional con-
nectivity involving regions with greater WM connectivity in
bilinguals.
Materials andMethods
Participants
Twenty-eight right-handed healthy older adults [mean (M) age  70.5
years, SD 3 years] participated in the study. Fourteen participants were
monolingual speakers of English (7 males and 7 females) and 14 had
lifelong bilingual experience (6 males and 8 females). Participants pro-
vided informed consent and underwent a behavioral and a scanning
session. The two groups had comparable demographic backgrounds and
neuropsychological performance but different language experience (see
Notes for more information). Two additional monolingual males were
excluded from the analyses due to incidental findings on their MRIs. All
the procedures were approved by the Research Ethics Board of the Bay-
crest Centre in Toronto, Canada. Monolingual older adults reported
English to be their only communicating language, whereas the bilingual
older adults reported that they had used both English and another alpha-
betic language regularly since childhood (before age 11). The monolin-
gual and bilingual older adults were matched on age and gender. All
participants were active community members, reported no known psy-
chiatric or health issues that may affect neurological health, no experi-
ence of concussion, and no contraindication with MR scanning. Two-
tailed t tests showed no statistical significant difference between the
monolinguals and bilinguals in age, years of education, andweekly hours
spent using a computer (t(24) 2, ns).
Neuropsychological tasks
Participants underwent a 1 h behavioral testing session consisting of a
battery of neuropsychological tasks before the scanning session.
Mini-Mental State Examination (short form, Folstein et al., 1975). A
short form of the MMSE that has a maximum of 17 points was adminis-
tered. The task was a global screening measure for general cognitive
ability, including orientation to place, attention, language, and complex
commands.
Shipley Institute of Living Scale—Vocabulary test (Zachary, 1986). Par-
ticipants were instructed to choose one of the four words that has a
similar meaning to a target word. Forty trials were administered. Per-
centage of correct responses was computed.
Verbal fluency. Participants were asked to produce words that either
begin with a specific letter (F, A, and S) or belong to a semantic category
(clothing item, animals, and occupation) within 1 min. Incorrect re-
sponses or repeated items were excluded from the calculation of the
average number of correct responses.
Design fluency, Delis–Kaplan Executive Functions System (Delis et al.,
2001). This subtest requires participants to create different designs using
four straight lines to connect dotswithin 1min. In the baseline condition,
only empty dots were shown. The second condition showed both empty
and filled dots but the participants were instructed to connect empty dots
only. Finally, in the switching condition, participants were asked to cre-
ate designs by alternating the empty and filled dots. Incorrect responses
or repeated items were excluded from the calculation of the average
number of correct responses.
Stroop task (Stroop, 1935).Participants were asked to name the color of
the ink in which the stimuli were printed. These colors were red, blue,
pink, green, yellow, and black. Participants were asked to identify these
colors before administering the task to ensure they had intact color vi-
sion. Three vertical columns with colored items were presented for each
of the four conditions: baseline, interference, negative priming, and ha-
bituation. In the baseline condition, arrays of five X’s printed in one of
the six colors were presented as stimuli. In the interference condition,
words that corresponded to the six colorswere printed in a different color
than the word indicated. In the negative priming condition, the word in
any given trial corresponded to the color of the following trial, requiring
the participants to name the color corresponding to the word suppressed
in the previous trial. Finally, the habituation condition only had theword
“blue” printed in one of the six colors. The time to finish naming the
three columns was recorded.
Trail-making task (Reitan, 1958). Participants were asked to connect
circles containing numbers or letters according to ascending numerical
values, alphabetic order, and switching betweennumbers and letters. The
numbers-only and switching conditions were from the standard battery
(Trails A and B, respectively), and we included the letter-only condition
as an additional baseline. Locations of the circles in the letter-only con-
dition were the same as the number-only condition to control for the
amount of drawing distance between the numbers-only and letters-only
conditions. Response time was recorded for each condition.
MRI acquisition
Approximately 2 weeks after the behavioral testing session, participants
returned for the scanning session. Diffusion and functional resting-state
data were acquired on a 3 tesla Siemens Trio scanner with a 12-channel
head coil. For DTI, two sets of whole-brain 30-direction diffusion
weighted datawere collectedwith the following parameters: TR 9000 s,
TE  90 ms, b  900 s  mm2, 32 oblique-axial slices with 5 mm
thickness, FOV  242 mm. For the resting-state data, 30 gradient-EPI
oblique axial slices with 5 mm thickness were obtained for the entire
brain using a T2*-weighted pulse sequence during a 6min and 20 second
resting state. Participants were instructed to keep their heads still, keep
their eyes open, and not fall asleep. After the resting-state scan, partici-
pants were askedwhether they had compliedwith these instructions. The
scanning parameters were TR 2 s, TE 30 ms, FOV 200 mm, 64
64 matrix. We also collected 160 1-mm-thick oblique axial slices of 3D
MPRAGE T1 images with TR  2 s, TE  2.63 ms, FOV  256 mm to
create a sample-specific anatomical image for registration and overlay.
DTI data analysis
Weused FSL (version 4.1.4, Smith et al., 2004) to carry out preprocessing
and statistical analyses.Diffusion imageswere corrected for eddy-current
distortion and head motion. B-vectors were rotated according to the log
file generated from the eddy-current correction procedure. Subse-
quently, the no-diffusion images were smoothed with a Gaussian kernel
of 1 mm  and concatenated with the diffusion-weighted images. A
binary brain mask was extracted from the no-diffusion image for subse-
quent diffusion tensor fitting. The mask was overlaid onto the no-
diffusion image to ensure all the brain matter was included in the mask.
Missing voxels within the brain were manually filled out using the mask
tool in FSLView. A tensor model was then fit to the corrected data that
resulted in FA and eigenvalues for three orthogonal directions (1, 2,
3). The eigenvalue along the primary tract was referred to as AD (1),
while the average of the other two orthogonal eigenvalues was considered
to reflect RD (2,3). These preprocessing steps were repeated for each
participant.
Group analysis followed the standard protocol of Tract-Based Spatial
Statistics (TBSS, version 1.2, Smith et al., 2006) in FSL. A representative
FA image was chosen from the entire sample, by matching each partici-
pant’s image to the images from each of the other participants in the
sample and identifying the image that had the smallest amount of warp-
ing across the whole sample (i.e., the most representative image). This
procedure resulted in a sample-specific target image that was then affine-
transformed to MNI-152 space. FA images of all other subjects were
nonlinearly transformed to the target image and affine-aligned to the
MNI-152 space in a combined process to avoid resampling the images
twice. All participants’ FA images were merged and averaged to create a
single mean 4D image. This mean 4D image was entered in the FA skel-
etonization program to generate a skeleton that only included voxels that
were identified as white matter across all the subjects in the study. Next,
we computed permutation-based voxelwise statistics on the skeletonized
FA data examining two one-tailed comparisons, i.e., whether bilinguals
had higher FA values than monolinguals and vice versa (randomize in
FSL, v. 2.1, Nichols andHolmes, 2002). Results were corrected forwhole-
brain comparisons and were thresholded at p 0.05.
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Resting-state functional data analysis
The first 10 TRs of the resting-state functional data were excluded from
the analysis to avoid signal instability. Subsequent datawere corrected for
slice timing, motion artifacts, and physiological signal and spatially nor-
malized to standard Montreal Neurological Institute (MNI) space using
the 152-subject template. White matter signal was partialled out as nui-
sance variable using regression. The normalized images were smoothed
with an 8 mm FWHM resulting in isotropic voxel size of 4 mm for
subsequent analysis. These preprocessing steps were performed using
Analysis of Functional Neuro-Images (AFNI) (Cox and Hyde, 1997). All
the coordinates reported subsequently are in MNI space.
The preprocessed resting-state data were analyzed with seed partial
least squares (PLS; McIntosh et al., 1996, 2004; for a recent review, see
Krishnan et al., 2011) following the procedures reported by Grigg and
Grady (2010) for resting-state functional connectivity analysis. Seed PLS
is a data-driven multivariate statistical technique that reveals functional
activity across the entire brain that correlates with activity in a seed voxel
(or region) chosen a priori. The covariance between activity in the seed
and other brain voxels is decomposed into latent variables (LVs) that can
identify multiple patterns of functional connectivity. The advantage of
using PLS is the consideration of the entire resting-state (resampled to 34
blocks of 5 consecutive volumes) simultaneously, thereby reflecting both
the temporal and spatial characteristics of intrinsic brain activity at rest.
Furthermore, the decomposition and associated resampling techniques
consider all time points and voxels simultaneously, thus avoiding the
problem of multicollinearity and post hoc multiple correction of the p
values. Because of its ability to identify groups of brain regions with
covarying functional connectivity, this technique is methodologically
ideal for the investigation of large-scale brain networks (McIntosh,
2000). Activity in each seed voxel (see Results for seed location) was
extracted and correlated (across participants) with all other brain voxels
for each of the 34 time blocks in the resting run; PLS then was used to
identify patterns of correlation that differed between bilinguals and
monolinguals. Significance of the LVs was determined by 1000 permu-
tation tests, using resampling without replacement. Robustness of each
voxel’s contribution to a LV was provided by a bootstrap that resampled
the data 300 times (with replacement) to estimate the standard error of
the weight of each voxel on the LV. A bootstrap ratio, calculated as the
ratio of each weight to its standard error, was thresholded at3, equiv-
alent to p  0.0027. Significant clusters were further thresholded to
include at least 10 voxels.
Results
Consistent with our hypothesis of better maintenance of white
matter integrity in bilinguals, higher FA values in the CC (p 
0.05, corrected, Fig. 1a) were seen in the bilingual group, extend-
ing posteriorly to the bilateral superior longitudinal fasciculi, and
anteriorly to the right inferior frontal–occipital fasciculus and
uncinate fasciculus.Monolinguals did not show higher FA values
than bilinguals in any voxel. TBSS was also used to assess between-
group differences in axial and radial diffusivity. There was no
group difference in AD, but monolinguals had higher RD in the
body of the CC, overlapping with some of the areas where bilin-
guals had higher FA (p 0.05, corrected, Fig. 1b). Note that the
FA values in the genu of CC for both groups (bilinguals: M 
0.47, SD 0.04; monolinguals:M 0.44, SD 0.03) were lower
than those usually reported for younger adults (M 0.55, SD
0.04 from Davis et al., 2009), as would be expected.
To test the hypothesis that greater WM integrity in the bilin-
guals would be associated with a more distributed pattern of
functional activity, we assessed functional connectivity of two
seed voxels. We chose seeds in bilateral inferior frontal gyri be-
cause these regions are important for bilingual language switch-
ing (Garbin et al., 2010; Luk et al., 2011), andwe found greater FA
Figure 1. Group differences in FA and RD. a, Increased FA in bilinguals compared to monolinguals. Colored voxels (orange-red) are significant clusters (p 0.05, corrected) in corpus callosum,
extending to bilateral superior longitudinal fasciculi and right inferior frontal– occipital fasciculus, shown on awhitematter skeleton (green) and overlaid onto theMNI-152 T1 brain (seen in gray).
b, Increased RD in monolinguals relative to bilinguals. Colored voxels (blue) are significant clusters (p 0.05, corrected) overlapping with part of the WM tracts identified in a).
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in the right inferior frontal gyrus, as well as in the CC connecting
the frontal lobes, in bilinguals (see Fig. 1). The right inferior
frontal seed (MNI: x 38, y 31, z14) was located in gray
matter adjacent to where we observed a group difference in FA
(see Fig. 2a). The left seed was located in the homologous region
of the inferior frontal gyrus (x38, y 31, z14; Fig. 2a).
Although no FA difference was observed here, this seed was very
similar to a region identified in a meta-analysis of brain regions
active during bilingual switching (Luk et al., 2011, x33, y
21, z14).
For the left inferior frontal seed, we found a statistically reli-
able pattern that differentiated bilinguals frommonolinguals (ac-
counting for 6% of the variance in the data, p 0.001). Positive
correlation values in Figure 2b indicate a positive correlation be-
tween seed activity and activity in the warm-colored regions seen
in Figure 2d; a negative correlation indicates the opposite pattern,
i.e., that seed activity was positively correlated with activity in the
cool-colored regions. These correlation distributions were signif-
icantly different between the groups (Wilcoxon normal approx-
imation Z4.2, p 0.0001). Thus, for the left inferior frontal
gyrus, bilinguals had stronger functional connectivity with bilat-
eral middle temporal gyri, right inferior parietal lobule, precu-
neus, bilateral middle occipital gyri, and left caudate. This
increase in connectivity with posterior regions suggests more
long-range frontal–occipital and frontal–parietal functional con-
nections in the bilinguals. In contrast, the monolinguals showed
stronger functional connectivity between the left inferior frontal
region and other anterior areas, including bilateral precentral
gyri, right superior frontal gyrus, right middle frontal gyrus, and
left medial frontal gyrus, suggesting stronger functional connec-
Figure2. Resting-state functional connectivity formonolinguals andbilinguals.a, Locations of the two seed voxels in LIFG andRIFG.b, c, Correlations betweenactivity in LIFG andRIFG seed voxel
and activity in the positive and negative brain networks across a 6min resting state, respectively. d, e, Axial brain images showing bootstrap ratios greater than3.Warm-colored voxels indicate
that positively correlating activity was observed in the frontal–posterior network, which was strongly represented in bilinguals with the LIFG seeds in d. Cool-colored voxels indicate negatively
correlating activity in the anterior left–right network, similar for both monolinguals and bilinguals in both IFG seeds.
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tions within the frontal lobes and closer neighbors (see Notes for
more information). This pattern of stronger functional connec-
tivity between anterior–posterior regions in bilinguals and stron-
ger intrafrontal connectivity in monolinguals is consistent with
the higher FA values seen in long-range WM connections in the
bilinguals, particularly in the longitudinal fasciculi.
The right inferior frontal gyrus seed also showed a statistically
significant functional connectivity pattern that differentiated the
two language groups (p 0.001, accounting for 4.4% of the data
variance). The correlations in the groups across the resting state
run were less distinct than seen for the left inferior frontal region
(see Fig. 2c), but were nevertheless significantly different (Wil-
coxon normal approximationZ 3.4, p 0.0008). Interestingly,
the pattern of group differences was similar to that seen for the
left inferior frontal region (see Notes for more information).
Monolinguals had stronger functional connectivity between the
right inferior frontal seed and other frontal regions, whereas bi-
linguals had stronger functional interactions between the seed
and occipitoparietal regions (Fig. 2e).
Discussion
Successfulmanagement of two languages on a daily basis requires
an effective cognitive mechanism to manage attention to two
active languages (Green, 1998). Constant recruitment of this
mechanism by bilinguals leads to better behavioral performance
on executive function tasks that measure cognitive control for
both verbal and nonverbal stimuli (Costa et al., 2008; Blumenfeld
and Marian, 2011). The present study shows that this prolonged
bilingual experience leads to enhanced WM connectivity, which
may be one mechanism underlying the bilingual advantage ob-
served in EF performance. This finding is consistent with the idea
that enriched experience contributes to brain reserve by protect-
ingWM against age-related deterioration (Petrosini et al., 2009).
In the present study, bilingualism was related to maintenance of
WM integrity in older adults, primarily as a result of less radial
diffusivity, implying that lifelong experience with enhanced cog-
nitive control influences brain structure. Furthermore, bilinguals
showed more distributed resting-state functional connectivity in
frontal regions close to where the WM structural difference was
observed, indicating a functional correlate of theWMdifference.
The monolingual and bilingual older adults in our study had
highly comparable demographic backgrounds and neuropsycho-
logical performance on standardized tests. The group differences
observed inWM integrity and in resting-state functional connec-
tivity indicate distinct neural patterns even when behavior was
held constant. In a recent study, Schweizer et al. (2011) have
shown that bilingual patients diagnosed with probable Alzheimer’s
disease showed a greater amount of brain atrophy compared to their
monolingual peers, matched on cognitive performance and educa-
tion level. An interesting observation in that studywas that the bilin-
guals achieved comparable cognitive performance despite their
greater brain atrophy. Our results showing better WM integrity in
healthy older bilinguals, together with the data from de-
mented patients, indicate WM could provide a “reserve” fac-
tor, to compensate for deteriorating gray matter, in turn
sustaining cognitive performance.
Our results demonstrate a relationship between lifelong bilin-
gual experience, maintainedWM integrity, andmore distributed
functional connectivity in older adults. This finding is parallel to
animal research showing that an enriched environment enhances
adult neurogenesis (Beauquis et al., 2010). Although the biolog-
ical mechanism for these structural changes in response to life
experience is not known, the present results provide the first
evidence that a naturally occurring life experience is related to
WM plasticity in humans. We suggest that the enhanced struc-
tural and functional connectivity in bilingual older adults may
provide at least part of the neural basis for the phenomenon of
“brain reserve.”
Notes
Please refer to the following link for supplemental information on par-
ticipants’ demographic information and brain coordinates for the
resting-state analysis: http://gseacademic.harvard.edu/lukgi/JoN_
2011_SI_Tables.pdf. This material has not been peer reviewed.
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